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SUMMARY 
The c a p a b i l i t i e s  of a s t a t o r  blade row hav ing  c o n t r o l  l e d - d i f f u s i o n  (CD) 
b lade s e c t i o n s  were compared wi th the c a p a b i l i t i e s  o f  a s t a t o r  b lade row hav ing  
d o u b l e - c i r c u l a r - a r c  (DCA) b lade sect ions.  A CD s t a t o r  w i th  the  same chord 
l e n g t h  b u t  h a l f  t he  blades o f  the DCA s t a t o r  was designed and t e s t e d .  The same 
f a n  rotor ( t i p  speed, 429 mlsec; pressure r a t i o ,  1.65) was used w i t h  each 
s t a t o r  row. 
o v e r a l l  stage and rotor performances w i t h  each s t a t o r  are then compared a long 
w i t h  s e l e c t e d  b lade element data.  
1 percentage p o i n t  g r e a t e r  minimum o v e r a l l  e f f i c i e n c y  decrement than t h e  DCA 
s t a t o r  a t  or near design speed. 
The des ign  and a n a l y s i s  system i s  b r i e f l y  descr ibed here.  The 
The CD s t a t o r  had approx imate ly  a 
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INTRODUCTION 
Var ious  blade c ross -sec t i ona l  shapes have been s t u d i e d  i n  o r d e r  to  improve 
f a n  or compressor e f f i c i e n c y  and f low range and to  achieve the same performance 
w i t h  fewer b u t  more h i g h l y  loaded blades. A i r f o i l  shapes t h a t  c o n t r o l  the d i f -  
f u s i o n  o f  v e l o c i t y  over  the surface can increase the  amount of laminar  flow i n  
r e l a t i o n  to t u r b u l e n t  flow and d e l a y  o r  a v o i d  flow separa t i on  b e f o r e  the  t r a i l -  
i n g  edge. C o n t r o l l e d - d i f f u s i o n  a i r f o i l  shapes can improve the  a i r f o i l ' s  oper-  
a t i n g  e f f i c i e n c y  and have found wide a p p l i c a t i o n  i n  r e c e n t  years .  
examples have been i s o l a t e d ,  s u p e r c r i t i c a l  a i r f o i l s  ( r e f .  11, s u p e r c r i t i c a l  
cascades ( r e f s .  2 to  5), s u b c r i t i c a l  s t a t o r s  for  compressors ( r e f .  61, and 
low-speed t u r n i n g  vanes f o r  wind tunnels  ( r e f s .  7 and 8). Al though c o n t r o l l e d -  
d i f f u s i o n  (CD) shapes a re  more complex then d o u b l e - c i r c u l a r - a r c  (DCA) shapes, 
modern n u m e r i c a l l y  c o n t r o l l e d  machining techniques should reduce d i f f i c u l t i e s  
i n  f a b r i c a t i o n .  Aerodynamic load ings  ( o r  t u r n i n g s )  can be h i g h e r  w i t h  CD b lade 
shapes than w i t h  convent iona l  shapes w i t h o u t  s a c r i f i c i n g  loss l e v e l s  or oper-  
a t i n g  range ( r e f .  9). This  c a p a b i l i t y  can reduce the number o f  blades r e q u i r e d  
i n  a convent iona l  f a n  s t a t o r  row. 
Some 
The o b j e c t i v e  of t h i s  s tudy  was to compare t h e  c a p a b i l i t i e s  o f  a s t a t o r  
b lade row having CD b lade sec t i ons  wfth the  c a p a b i l i t i e s  o f  one hav ing  DCA 
blade sec t i ons .  A CD s t a t o r  w i t h  the same chord l e n g t h  as the  DCA s t a t o r  
( r e f .  10) b u t  w i t h  h a l f  t he  blades was designed and t e s t e d .  The same f a n  rotor 
( t i p  speed, 429 m/sec; p ressure  r a t i o ,  1.65) was used w i t h  each s t a t o r  row. 
One-half the s t a t o r  blade count was se lec ted  because ( 1 )  the s t a t o r  b lade e l e -  
ment flow p r e d i c t i o n s  for  such a design i n d i c a t e d  some chance of success, (2) 
the c a p a b i l i t i e s  o f  t he  c o n t r o l l e d - d i f f u s i o n  b l a d i n g  i n  a r e a l  flow environment 
cou ld  be d r a m a t i c a l l y  demonstrated, and ( 3 )  e x i s t i n g  casings for the  stage 
cou ld  be reused. A CD s t a t o r  des ign  w i t h  the same blade number and chord 
l e n g t h  as the DCA s t a t o r  was considered for  the p resen t  comparat ive s tudy.  
However, t h a t  choice was r e j e c t e d  because l i t t l e  or no measurable improvement 
i n  performance was expected over  t h e  o r i g i n a l  DCA design, which had performed 
ve ry  we1 1 .  
Th i s  paper b r i e f l y  descr ibes  the des ign  and a n a l y s i s  system for t h e  CD 
s t a t o r s .  The o v e r a l l  stage and r o t o r  performances w i t h  each s t a t o r  a r e  then 
compared, as a re  se lec ted  b lade element d a t a  from each s t a t o r .  Measurements 
o f  chordwise d i s t r i b u t i o n s  of s t a t i c  pressure a t  lo-, SO-, and 90-percent CD 
s t a t o r  spans are discussed. The performance da ta  presented can be used to  
assess the  design and a n a l y s i s  system. A da ta  base for the  e v a l u a t i o n  of o t h e r  
computat ional  codes i s  a l s o  prov ided.  
DESIGN AND ANALYSIS SYSTEM 
The design and a n a l y s i s  system used for  the  CD s t a t o r  b lade row i s  d i a -  
grammed i n  f i g u r e  l. I t  i s  a quasi- three-dimensional ,  i n v i s c i d - v i s c o u s  i n t e r -  
a c t i o n  system. Only the  o v e r a l l  process i s  descr ibed here;  d e t a i l s  o f  the 
i n d i v i d u a l  codes a re  conta ined i n  the re fe rences  c i t e d .  The compressor des ign  
program (CDP code, ( r e f .  11))  f i r s t  made a hub- to - t i p  p lane f l o w - f i e l d  ca l cu -  
l a t i o n  (axisymmetr ic)  w i t h  p r e l i m i n a r y  b lade geometry t h a t  s a t i s f i e d  t h e  
des i red  v e l o c i t y  diagrams a t  t he  blade edges. 
( r e f .  12)  use prev ious  t e s t  r e s u l t s  from the  o r i g i n a l  stage a t  peak e f f i c i e n c y  
o p e r a t i o n  t o  s e t  the bounding f l o w  cond i t i ons  for  the CD s t a t o r .  The CDP code 
d i d  n o t  c a l c u l a t e  f l o w  c o n d i t i o n s  w i t h i n  the  b lade rows. The f l o w  w i t h i n  and 
The CDP and MERIDL codes 
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around the  s t a t o r  row was analyzed by MERIDL, TSONIC ( r e f .  13>,  QSONIC 
( r e f .  141, and BLAYER ( r e f .  15). If the  d e s i r e d  r e s u l t s  were n o t  achieved,  
new s t a t o r  b lade cross s e c t i o n s  were generated by t h e  b lade  e lement  program 
(BEP) ,  which i s  p a r t  o f  t h e  CDP code. 
The ana lys i s  procedure was as fo l l ows :  F i r s t ,  t h e  i n l e t  and o u t l e t  Mach 
numbers and a i r  angles, a long w i t h  streamtube convergence and r a d i u s  change, 
were determined by MERIDL. Next, i n d i v i d u a l  b lade  element c ross -sec t i ona l  
geometry was generated by the  BEP. Wi th  t h i s  b lade  geometry and bounding flow 
c o n d i t i o n s ,  blade-to-blade flow f i e l d s  were c a l c u l a t e d  f o r  s e l e c t e d  spanwise 
sec t i ons  by us ing t h e  TSONIC and QSONIC codes. A l though r e s u l t s  from these two 
codes were e s s e n t i a l l y  t he  same over  most of t h e  chord  l e n g t h ,  t h e r e  were d i f -  
ferences near both t h e  l e a d i n g  and t r a i l i n g  edges. The QSONIC code p rov ides  
b e t t e r  d e f i n i t i o n  near t h e  l e a d i n g  edge than does t h e  TSONIC code, and i t  i s  
more accura te  when l o c a l  v e l o c i t i e s  a re  superson ic .  The TSONIC code, however, 
p rov ides  more r e a l i s t i c  v e l o c i t i e s  near t h e  t r a i l i n g  edge than does t h e  QSONIC. 
TSONIC employs a mass i n j e c t i o n  r o u t i n e  a t  t he  t r a i l i n g  edge t h a t  s imu la tes  the  
b lade wake (unpubl ished addendum t o  r e f .  13) .  Thus, a composite o f  r e s u l t s  was 
used w i t h  QSONIC va lues ove r  t h e  forward ha l f -chord  (app rox ima te l y )  and TSONIC 
va lues over the  rea r  ha l f - cho rd .  
Because the  code r e s u l t s  from MERIDL, BEP, TSONIC, and QSONIC assume an 
i n v i s c i d  flow, boundary-layer c a l c u l a t i o n s  were made n e x t .  The BLAYER code 
( r e f .  15), w i t h  i t s  two-dimensional i n t e g r a l  method, c a l c u l a t e s  b o t h  l am ina r  
and t u r b u l e n t  boundary l a y e r s .  The su r face  v e l o c i t y  d i s t r i b u t i o n s  r e q u i r e d  as 
i n p u t  t o  BLAYER were from t h e  p rev ious  TSONIC and QSONIC r e s u l t s .  From an 
i n i t i a l  laminar  boundary l a y e r  a t  t he  l e a d i n g  edge, t h e  BLAYER c a l c u l a t i o n  
proceeded chordwise u n t i l  laminar  separa t i on  was assumed t o  occur  near  t h e  
s t a r t  o f  any adverse pressure  g r a d i e n t .  A t u r b u l e n t  l a y e r  was then s t a r t e d  by 
u s i n g  i n i t i a l  cond i t i ons  based on a laminar  separa t i on  bubble model ( r e f .  16 ) .  
To determine whether t h e  t u r b u l e n t  l a y e r  would separate be fo re  the  t r a i l i n g  
edge, the  incompress ib le  form f a c t o r  H i  was c o n t i n u o u s l y  c a l c u l a t e d .  I f  t h e  
va lue  o f  H i  was l e s s  than 2.0, separa t i on  o f  the  t u r b u l e n t  l a y e r  was n o t  
expected and the  s t a t o r  b lade c ross -sec t i ona l  p r o f i l e  was acceptab le .  I f  H i  
was g r e a t e r  than 2.0, t h e  p r o f i l e  was m o d i f i e d  and t h e  a n a l y s i s  procedure was 
repeated.  The ca l cu la ted  boundary-layer d isp lacement  th i ckness  6* was added 
t o  the  b lade p r o f i l e  f o r  t h e  TSONIC and QSONIC c a l c u l a t i o n s .  Blade s e c t i o n s  a t  
f i v e  spanwise l oca t i ons  ( lo- ,  30-, SO-, 70-, and 90-percent spans) were 
designed i n  a s i m i l a r  f ash ion .  
b lade.  G e o m e t r i e s  f o r  any i n te rmed ia te  c ross  s e c t i o n s  of i n t e r e s t  were 
ob ta ined  from a simple CURVFIT r o u t i n e .  Next, a check was made to  ensure t h e  
gross c o m p a t i b i l i t y  o f  the  hub- to - t i p  and b lade- to-b lade s o l u t i o n s .  On ly  a 
f e w  i t e r a t i o n s  w e r e  r e q u i r e d  t o  match the  boundary c o n d i t i o n s  for  these codes. 
These were then s tacked i n  the  CDP t o  make a 
As p rev ious l y  i n d i c a t e d ,  des ign  f low c o n d i t i o n s  i n t o  and o u t  o f  t h e  CD 
s t a t o r  were  obta ined from MERIDL. The MERIDL nongeometric i n p u t  c o n s i s t e d  o f  
r a d i a l  p r o f i l e s  of i n l e t  and o u t l e t  t o t a l  p ressure  and t a n g e n t i a l  v e l o c i t y  
a long  w i t h  i n l e t  t o t a l  temperature.  These aerodynamic va lues  were ob ta ined  
from prev ious  measurements. The t o t a l  p ressure  p r o f i l e s  i n p u t  t o  MERIDL were 
f a i r e d  t o  decrease c l o s e  t o  the  w a l l s  i n  o r d e r  t o  s imu la te  the  e f f e c t  o f  the  
w a l l  boundary-layer blockage. I t  was assumed t h a t  t h i s  f a i r i n g  would serve i n  
p lace  o f  spec i f y ing  w a l l  b lockage f a c t o r s .  
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F i n a l l y ,  s t r u c t u r a l  a n a l y s i s  was conducted b e f o r e  f a b r i c a t i o n  coo rd ina tes  
were re leased.  
changed and the  process r e t r a c e d  as i n d i c a t e d  i n  f i g u r e  1 .  
Whenever design c r i t e r i a  were n o t  met, t he  blade geometry was 
The CD s t a t o r  (S67B) blade cross s e c t i o n  a t  50-percent span t h a t  r e s u l t e d  
from t h i s  design and a n a l y s i s  system i s  shown i n  f i g u r e  2. (Coordinates for  
tne CD s t a t o r  cross sec t i ons  a t  the lo-, 50-, and 90-percent spans are g i ven  i n  
t a b l e  I.). For comparison, the o r i g i n a l  DCA s t a t o r  (S67) blade i s  a l s o  shown. 
Midspan s o l i d i t y  u i s  0.84 for  S67B and 1.68 for S67. The CD s t a t o r  t u r n s  
most o f  t he  a i r  over the fo rward  hal f -chord.  The r e l a t i v e l y  s t r a i g h t  r e a r  h a l f  
o f  the blade i s  necessary to prevent  t u r b u l e n t  boundary- layer separa t i on .  
c o n t r a s t ,  the OCA (S67) b lade has a constant t u r n i n g  r a t e  from the  l e a d i n g  edge 
t o  the t r a i l i n g  edge. Both s t a t o r s  are designed to  t u r n  the  flow t o  the a x i a l  
d i r e c t i o n .  Another major d i f f e r e n c e  i n  t h e  two b lade shapes i s  the angle made 
by the  mean l i n e  o f  the blade w i t h  the oncoming flow a t  t h e  l e a d i n g  edge. This  
i nc idence  angle i s  a lmost Oo for S67 ( t h e  DCA b lade)  b u t  near -14O for  S67B 
( t h e  CD b lade ) .  This l a r g e  nega t i ve  inc idence ang le  for  S67B was necessary t o  
a v o i d  t h e  tendency for  a s u c t i o n  s u r f a c e  v e l o c i t y  sp i ke  near the l ead ing  edge. 
Such a sp i ke  cou ld  t r i g g e r  premature laminar boundary- layer separa t i on  f o l -  
lowed by a r e l a t i v e l y  t h i c k  rea t tached t u r b u l e n t  l a y e r  t h a t  cou ld  i n  t u r n  sep- 
a r a t e  p remature ly .  Al though o n l y  midspan s t a t o r  shapes a r e  shown i n  f i g u r e  2, 
f o u r  o t h e r  CD sec t ions  from hub t o  t i p  were designed and stacked for the f i n a l  
b lade.  The o t h e r  sec t i ons  have s i m i l a r  f ea tu res  b u t  d i f f e r  i n  t o t a l  t u r n i n g  
and s o l i d i t y  as r e q u i r e d  across the span. 
I n  
APPARATUS AND PERFORMANCE CALCULATIONS 
The flow pa th  and the  i ns t rumen ta t i on  l o c a t i o n s  for  the  s ing le -s tage f a n  
a re  shown i n  f i g u r e  3. The o r i g i n a l  stage ( r e f .  10) u t i l i z e d  DCA b l a d i n g  f o r  
bo th  the r o t o r  (R67) and the s t a t o r  (S67). The c o n t r o l l e d - d i f f u s i o n  s t a t o r  
w i t h  17  blades i s  c a l l e d  s t a t o r  678 (S67B). Aerodynamic da ta  were ob ta ined  
f rom the t r a v e r s e  o f  convent iona l  pneumatic probes ( r e f .  17) a t  t he  th ree  meas- 
u r i n g  s t a t i o n s  i n d i c a t e d .  Chordwise d i s t r i b u t i o n s  of s t a t i c  p ressure  were a l s o  
measured on the CD s t a t o r  a t  lo-, 50-, and 90-percent spans (des ign  s t r e a m l i n e  
l o c a t i o n s  a t  t he  rotor t r a i l i n g  edge). Local  surface Mach number were d e t e r -  
mined from s t a t i c  pressures and the  corresponding s t a t o r  i n l e t  t o t a l  p ressure  
measured a t  s t a t i o n  2 .  
O v e r a l l  stage performance was c a l c u l a t e d  from mass-averaged t o t a l  pres- 
sures and t o t a l  temperatures measured a t  s t a t i o n s  1 and 3. S t a t o r  loss coef-  
f i c i e n t s  wW u t i l i z e d  an average o f  the t h r e e  h i g h e s t  t o t a l  pressures meas- 
u red  across a s t a t o r  gap a t  s t a t i o n  3 to rep resen t  the  upstream pressure  r e f e r -  
ence i n  i t s  numerator ( see  NOMENCLATURE). The same th ree-h igh  average was a l s o  
used f o r  r o t o r  o u t l e t  pressure.  Mass-averaged t o t a l  temperatures f rom s t a t i o n  3 
w e r e  used i n  de termin ing  r o t o r  energy a d d i t i o n  and r o t o r  e f f i c i e n c y .  I n  reduc- 
i n g  and e v a l u a t i n g  the present  data,  t h e  s t a t i o n  2 measurements w e r e  used for  
a i r  ang le ,  Mach number, and the d i f f e r e n c e  between t o t a l  and s t a t i c  p ressure  
t h a t  forms the  denominator of 3,. 
RESULTS AND DISCUSSION 
O v e r a l l  performances of r o t o r  67 (R67), stage 67 (R67 w i t h  the  DCA s t a t o r ,  
The CD S 6 7 ) ,  and stage 678 (R67 w i t h  the  CD s t a t o r ,  S67B) a re  discussed f irst. 
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s t a t o r  b lade sur face da ta  for t h e  t i p ,  mean, and hub s e c t i o n s  a r e  then  examined 
i n  some d e t a i l .  F i n a l l y ,  b lade element l osses  from t h e  CD and DCA s t a t o r  rows 
a re  compared. 
O v e r a l l  performance. - Rotor 67, s tage 67, and s tage 676 o v e r a l l  per form- 
ance va lues are  presented i n  f i g u r e  4. 
s t a t o r  676 r e l a t e d  data;  t h e  r i g h t  s i d e  shows s t a t o r  67 r e l a t e d  da ta .  Data a t  
t h r e e  speeds near design a re  shown, and t h e  independent v a r i a b l e  for  a l l  p a r t s  
i s  t he  weight  flow r a t i o e d  t o  t h e  choked va lue  a t  des ign  speed. 
flow r a t i o  i s  used to min imize t h e  e f fec t  of smal l  abso lu te  flow d i f f e r e n c e s  
t h a t  may a r i s e  from o t h e r  i n s t a l l a t i o n s  o f  t h e  same hardware i n  t h e  same t e s t  
f a c i  1 i t y .  
The l e f t  s i d e  o f  each f i g u r e  p a r t  shows 
Such a we igh t -  
As i n d i c a t e d  on the l e f t  s i d e  of f i g u r e  4(a) ,  ro tor  67 added s l i g h t l y  d i f -  
f e r e n t  amounts o f  energy ( represented  by T3/T1 a t  90 to  100 percen t  o f  des ign  
speed 
676, rotor 67 added s l i g h t l y  more energy a t  100-percent ND and s l i g h t l y  l e s s  
a t  90- and 95-percent ND. The rotor t o t a l  p ressure  r a t i o s  (P3)3hi /P1 f o l l o w e d  
these d i f f e r e n c e s  i n  energy added and a re  i n d i c a t e d  by t h e  s o l i d  symbols i n  
f i g u r e  4 (b ) .  The r o t o r  e f f i c i e n c i e s  ( f i g .  4 ( c > >  were e s s e n t i a l l y  t h e  same w i t h  
e i t h e r  s t a t o r .  The small  e f f i c i e n c y  d i f f e r e n c e s  i n d i c a t e d  a re  p robab ly  n o t  
s i g n i f i c a n t  because i n s t a l l a t i o n  d i f f e r e n c e s  or measurement i naccu rac ies  m igh t  
e a s i l y  account f o r  them. 
i n g  speed from 90- t o  100-percent 
(des ign  t i p  speed, 429 m/sec) a re  p robab ly  r e s p o n s i b l e  f o r  t h i s .  The per form- 
ance d i f f e r e n c e s  for rotor 67 o p e r a t i n g  w i t h  e i t h e r  s t a t o r  a re  smal l ,  and some 
are  mixed even w i t h i n  t h e  narrow speed range shown. Wi th t h e  r e l a t i v e l y  l a r g e  
a x i a l  spacing between r o t o r  and s t a t o r  ( f i g .  3> ,  o n l y  smal l  i n t e r a c t i o n  e f f e c t s  
w e r e  a n t i c i p a t e d .  
what lower f o r  stage 676 than f o r  s tage 67, p r i m a r i l y  because o f  t h e  d i f f e r e n c e  
i n  s t a t o r  performance. The n e a r - s t a l l  l i n e s  were e s s e n t i a l l y  t h e  same f o r  b o t h  
stages, suggesting t h a t  s tage s t a l l  was i n i t i a t e d  by  t h e  rotor used for  bo th  
s tages.  Prev ious ro to r -a lone  t e s t s  a t  des ign  speed ( r e f .  18) i n d i c a t e d  s t a l l  
a t  about the  same weight  flow shown i n  f i g u r e  4(b) f o r  the  s tage.  Th is  sup- 
p o r t s  the  conclus ion t h a t  t h e  ro tor  i n i t i a t e d  s t a l l  for  b o t h  s tages.  
ND) depending upon which s t a t o r  (676 or 67) f o l l o w e d  i t .  With s t a t o r  
Rotor peak e f f i c i e n c y  tended t o  decrease w i t h  i nc reas -  
ND. H igher  shock losses  f o r  t h i s  ro tor  
- 
The stage t o t a l  p ressure  r a t i o s  (P3/P1, f i g .  4 (b )>  were g e n e r a l l y  some- 
The d i f f e r e n c e  between o v e r a l l  e f f i c i e n c i e s  of the  ro tor  and s tage i s  one 
measure o f  o v e r a l l  s t a t o r  performance. 
e f f i c i e n c y  decrements across t h e  s t a t o r s  p rov ided  a u s e f u l  bas i s  f o r  comparing 
the  performances o f  d i f f e r e n t  s t a t o r  des igns.  A s  i n d i c a t e d  ( f i g .  4 ( d > > ,  the  
s t a t o r  676 minimum e f f i c i e n c y  decrement was n e a r l y  the  same fo r  90-, 9 5 ,  and 
100-percent Ng, w i t h  an average va lue  o f  0.038. A comparable speed-averaged 
va lue  f o r  s t a t o r  67 was 0.028. Thus, t h e r e  was approx imate ly  a l -percentage-  
p o i n t  inc rease i n  minimum o v e r a l l  e f f i c i e n c y  decrement f o r  the  CD s t a t o r  (S676) 
r e l a t i v e  t o  t h e  DCA s t a t o r  (S67) a t  speeds near  des ign .  The reasons fo r  t h i s  
d i f f e r e n c e  a re  developed n e x t  by examining t h e  s t a t o r  surface Mach number and 
pressure  c o e f f i c i e n t  d i s t r i b u t i o n s .  
The minimum values o f  these o v e r a l l  
Surface d i s t r i b u t i o n s  f o r  CD s t a t o r .  - Local  su r face  Mach number d i s t r i -  
b u t i o n s  ob ta ined  a t  the o p e r a t i n g  D o i n t  nea res t  t h a t  for  t h e  minimum e f f i c i e n c y  
decrement across the  s t a t o r  a t  160 lpercent  ND a r e  shown i n  f i g u r e  5 .  The 
p r e d i c t e d  d i s t r i b u t i o n s  from t h e  a n a l y s i s  codes (TSONIC and QSONIC) a r e  a l s o  
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shown, a long  w i t h  t a b u l a t e d  c o n d i t i o n s  o f  we igh t  flow r a t i o  W/wchoke, i n l e t  
Mach number M2, i n l e t  a i r  ang le  B2, and s t a t o r  l o s s  c o e f f i c i e n t  Ew. 
For the o p e r a t i n g  p o i n t  i n d i c a t e d  on f i g u r e  5, the measured i n l e t  Mach 
numbers were about 10 pe rcen t  h i g h e r  than des ign .  This  accounts i n  p a r t  for  
the upward s h i f t  i n  the Mach number d i s t r i b u t i o n s  r e l a t i v e  t o  the p r e d i c t i o n s  
a t  a l l  t h r e e  spanwise l o c a t i o n s .  I n s u f f i c i e n t  account ing  for  w a l l  boundary- 
l a y e r  blockage i n  MERIDL caused the  i n l e t  Mach numbers t o  be underp red ic ted .  
This  i n  t u r n  l e d  t o  p r e d i c t i n g  i n l e t  a i r  angles t h a t  were severa l  degrees too 
h i g h .  Depending on the spanwise l o c a t i o n ,  t he  measured i n l e t  a i r  angles were 
3.1° to 4.1° l e s s  than p r e d i c t e d  ( f i g .  5). Thus s i m u l a t i n g  the e f f e c t  o f  w a l l  
boundary- layer blockage by f a i r i n g  the t o t a l  p ressure  p r o f i l e s  i n p u t  t o  MERIDL 
so t h a t  they  decreased c l o s e  t o  t h e  w a l l s  was n o t  adequate. 
blockage fac to rs  were needed i n s t e a d .  
R e a l i s t i c  w a l l  
A t  50-percent span ( f i g .  51, t h e  whole Mach number p a t t e r n  was s h i f t e d  
upward f rom p r e d i c t i o n ,  b u t  t he  g rad ien ts  were s i m i l a r .  I n  p a r t i c u l a r  t he  Mach 
numbers on the s u c t i o n  surface cont inued t o  decrease u n t i l  near the t r a i l i n g  
edge. This i n d i c a t e d  l i t t l e  or no boundary-layer separa t i on .  The low measured 
l o s s  c o e f f i c i e n t  Gw of 0.029 supported t h i s  obse rva t i on .  A t  10-percent span, 
- was 0.058, double t h a t  a t  midspan. The s u c t i o n  sur face  Mach number gra- 
(;;rents a l s o  d i f f e r e d ,  w i t h  a depar tu re  from p r e d i c t i o n  s t a r t i n g  near midchord. 
Such depar tu res  suggested a separa t i ng  boundary l a y e r .  
l e v e l  was a l s o  suggested if separa t i on  cou ld  be avoided. The h i g h e s t  losses  
were i n  the hub r e g i o n  (90-percent span), where was 0.131, about 
50 pe rcen t  h ighe r  than expected. 
g r a d i e n t s  departed f rom p r e d i c t i o n ,  s t a r t i n g  a t  about 0 . 4  chord.  The losses  
near the  hub were much h ighe r  than  those near the  t i p  even though t h e i r  s u c t i o n  
sur face  Mach number g r a d i e n t s  were s i m i l a r .  Th i s  i s  d iscussed l a t e r .  
A lower des ign  loss 
Here a l s o  t h e  s u c t i o n  su r face  Mach number 
A t  90-percent ND, t he  measured i n l e t  Mach numbers M2 were c l o s e  t o  the  
o r i g i n a l  design and a n a l y s i s  p r e d i c t i o n s  ( f i g .  6). The s u c t i o n  su r face  Mach 
number l e v e l s  and g rad ien ts  were c lose to p r e d i c t i o n s  near the  s t a t o r ' s  minimum 
e f f i c i e n c y  decrement. Both t i p  (10-percent span) and mean (50-percent span) 
sec t i ons  d i sp layed  nonseparated surface g r a d i e n t s  a l l  the way t o  the t r a i l i n g  
edge. The measured l o s s  c o e f f i c i e n t  f o r  t he  t i p  was improved to  0.047, b u t  for  
the mean i t  remained a t  0.030. Only the hub (90-percent span) s e c t i o n  con- 
t i n u e d  t o  show a premature separa t i on  on t h e  s u c t i o n  sur face  and a h i g h  loss 
c o e f f i c i e n t  o f  0.140. 
A comparison o f  t i p - s e c t i o n  performance between f i g u r e s  5 and 6 i n d i c a t e s  
i t s  h i g h  s e n s i t i v i t y  to  i n l e t  a i r  angle. A decrease i n  I32 o f  about 2 O  
(32.3O t o  30.4O) e l i m i n a t e d  the  premature separa t i on  ( f i g .  5), which i n  t u r n  
reduced zW from 0.058 t o  0.047. A s  shown l a t e r  ( f i g .  l o ) ,  i t  was the  
decrease i n  I32 r a t h e r  than the  decrease i n  M2 t h a t  reduced the loss here.  
Comparisons were  made between the p r e d i c t e d  and a c t u a l  sur face  pressure  
c o e f f i c i e n t  d i s t r i b u t i o n s  for  the t i p ,  mean, and hub sec t i ons  when each was 
o p e r a t i n g  neares t  i t s  des ign  I32 ( f i g .  7 ) .  The c l o s e s t  I32 matches ( d a t a  
versus des ign)  i n v o l v e d  da ta  for  th ree  o p e r a t i n g  speeds (90-, 9 5 ,  and 
100-percent ND). Th is  p resented  no problem when comparing s t a t i c  p ressure  
-I 
c o e f f i c i e n t s  C because M; appears i n  C ' s  denominator. 
P P 
A t  des ign  values 
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of  82, t h e r e  was a s i m i l a r  C p a t t e r n  for a l l  s e c t i o n s .  The s u c t i o n  su r face  
i n d i c a t e d  a shor t ,  r e l a t i v e l y  F l a t  c o e f f i c i e n t  near  t h e  l e a d i n g  edge. 
was f o l l o w e d  by an adverse pressure  g r a d i e n t  t h a t  i n d i c a t e d  premature sep- 
a r a t i o n  around midchord. The accompanying loss c o e f f i c i e n t s  zW w e r e  a l l  
r e l a t i v e l y  h igh :  0.070 for  t h e  t i p ,  0.089 for t h e  mean, and 0.144 for  t h e  hub. 
R e l a t i v e l y  h i g h  losses  a l s o  occu r red  i n  cascade t e s t s  o f  a s i m i l a r  CD s t a t o r  
s e c t i o n  des ign  ( r e f .  4) when s i m i l a r  i n d i c a t i o n s  of s e p a r a t i o n  s t a r t i n g  near  
midchord were measured f o r  some i n l e t  flow c o n d i t i o n s .  A t  those c o n d i t i o n s ,  
f low v i s u a l i z a t i o n  s t u d i e s  ( r e f .  4) revea led  a r a t h e r  l a r g e  l am ina r  separa t i on  
bubble i n  t h e  forward chord r e g i o n  w i t h  a f l a t t e n e d  p ressu re  d i s t r i b u t i o n  
beneath i t .  The rea t tached ,  t u r b u l e n t  boundary l a y e r  f o l l o w i n g  such a bubble 
was b e l i e v e d  t o  be s u b s t a n t i a l l y  th ickened and t h e r e f o r e  l e s s  a b l e  t o  nego- 
t i a t e  an adverse pressure  g r a d i e n t  w i t h o u t  separa t i on .  
s t a r t i n g  i n  the  r e g i o n  o f  rea t tachment  p rec luded an o b s e r v a t i o n  o f  t h i s  
boundary-layer th ickness . )  S i m i l a r  boundary- layer  behav io r  i s  a t t r i b u t e d  t o  
the  r e s u l t s  shown i n  f i g u r e  7 .  
Th i s  
( A  co rne r  s u c t i o n  s l o t  
I t  appeared t h a t  premature separa t i on  of t h e  l am ina r  boundary l a y e r ,  w i t h  
perhaps a l a r g e  separa t i on  bubble before a t h i c k  t u r b u l e n t  l a y e r  r e a t t a c h e s  on 
the  s u c t i o n  sur face,  should be avoided for low- loss o p e r a t i o n .  To emphasize 
t h i s  p o i n t ,  a mean-section su r face  Mach number d i s t r i b u t i o n  a t  des ign  speed and 
near-design 82 was compared w i t h  one near minimum-loss 82 ( f i g .  8 ) .  The 
dashed l i n e s  are p r e d i c t i o n s  from the  b lade- to-b lade codes ( r e f s .  13 and 14) .  
The s i g n i f i c a n t l y  d i f f e r e n t  sur face  Mach number p a t t e r n s  i n  f i g u r e  8 a re  
the  r e s u l t  of a 3.8O d i f f e r e n c e  i n  i n l e t  a i r  ang le .  A t  a 82 o f  35.6O 
( f i g .  8 (b ) )  there was a s t rong,  favorab le  p ressure  g r a d i e n t  on t h e  s u c t i o n  sur- 
face  from t h e  lead ing  edge t o  about 40-percent chord.  Thus, over  t h i s  r e g i o n ,  
a t h i n ,  laminar  boundary l a y e r  was main ta ined.  There was no l o c a l  f l a t t e n i n g  
o f  the sur face  Mach numbers such as accompanied the  laminar  separa t i on  bubbles 
observed i n  the  t e s t s  descr ibed by Boldman ( r e f .  4 ) .  Over t h e  l a s t  60 percent  
o f  chord, a s t rong,  adverse pressure  g r a d i e n t  e x i s t e d .  Because t h e r e  was 
l i t t l e  depar tu re  from the  c a l c u l a t e d  Mach number d i s t r i b u t i o n  t h e r e ,  a tu rbu -  
l e n t  boundary l aye r  t h a t  s t a r t s  r e l a t i v e l y  t h i n  a l i t t l e  beyond 40-percent 
chord i s  env is ioned.  The d i f f e r e n c e  i n  loss c o e f f i c i e n t  between the  su r face  
Mach number pa t te rns  a t  near-des ign and minimum-loss 82 was a f a c t o r  o f  3, 
0.029 ( f i g .  8 (b)>  compared w i t h  0.089 ( f i g .  8 ( a > > .  
For t h e  low-loss, unseparated c o n d i t i o n  ( f i g .  8 ( b ) ) ,  t h e  b lade su r face  
Mach numbers c a l c u l a t e d  by the  b lade- to-b lade codes agreed w e l l  w i t h  the  da ta  
when the  i n p u t  boundary va lues such as M2 and 82 w e r e  t h e  same as those 
measured. However, t h e  BLAYER c a l c u l a t i o n s  u s i n g  t h e  o r i g i n a l  i n v i s c i d  p r e d i c -  
t i o n  ( f i g .  8 (a>)  d i d  n o t  p r e d i c t  t he  e a r l y  l am ina r  separa t i on  exper ienced,  even 
though a g e n e r a l l y  favorab le  p ressure  g r a d i e n t  to  about  35-percent chord was 
i n d i c a t e d .  On the bas i s  o f  p resen t  da ta  and s i m i l a r  r e s u l t s  from cascade t e s t -  
i n g  o f  o t h e r  CD b lade sec t i ons  ( r e f s .  3 and 191, a c o n t i n u o u s l y  s t r o n g ,  f a v o r -  
ab le  g r a d i e n t  t o  about 35- t o  40-percent chord  i s  recommended for h i g h l y  loaded 
blades i n  o r d e r  t o  avo id  premature laminar  separa t i on  and consequent premature 
t u r b u l e n t  separa t ion  and h i g h  loss.  
A t  a l l  ope ra t i ng  c o n d i t i o n s  ( f i g s .  5 t o  7 ) .  t h e  hub s e c t i o n  (90-percent  
The r e l a t i v e l y  poor  performance ove r  t h e  o n e - t h i r d  
span) o f  s t a t o r  676 showed t u r b u l e n t  boundary- layer  separa t i on  from the  s u c t i o n  
sur face  around midchord. 
span neares t  the hub caused the  minimum o v e r a l l  e f f i c i e n c y  decrement across the  
s t a t o r  t o  be approx imate ly  1 percentage p o i n t  h i g h e r  for S67B than for S67 a t  
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speeds o f  90- to  100-percent ND. Thus, i t  i s  i n s t r u c t i v e  t o  f u r t h e r  examine 
t h e  su r face  Mach number d i s t r i b u t i o n s  near the  hub and compare them w i t h  those 
a t  midspan, where t h e  performance was good, a t  l e a s t  for  some i n l e t  a i r  angles 
( f i g .  9 ) .  
s u c t i o n  surface were s i m i l a r  for bo th  t h e  hub and mean sec t i ons .  However, t h e  
Mach number d i s t r i b u t i o n  for the  hub sec t i on  i n d i c a t e d  a flow separa t i on  near 
50-percent chord, whereas no flow separa t i on  was apparent  for  t h e  mean s e c t i o n .  
The corresponding l o s s  c o e f f i c i e n t s  were  much d i f f e r e n t ,  be ing  0.159 f o r  the  
hub b u t  o n l y  0.029 for t h e  mean. 
The Mach number p a t t e r n s  over the  fo rward  o n e - t h i r d  chord  of t h e  
Premature separa t i on  of t h e  hub-section boundary l a y e r  occu r red  a t  a l l  
speeds and f l o w s  tes ted .  These inc luded c o n d i t i o n s  t h a t  r e s u l t e d  i n  low l e v e l s  
o f  d i f f u s i o n  f a c t o r  (de f ined by Johnsen ( r e f .  20, p .  203). A s t r o n g l y  f a v o r -  
a b l e  Mach number g r a d i e n t  was achieved ove r  approx imate ly  t h e  f i r s t  o n e - t h i r d  
chord  o f  t h e  hub s e c t i o n  ( f i g .  9 ) .  However, t h i s  was n o t  s u f f i c i e n t  t o  avo id  
premature t u r b u l e n t  boundary-layer separa t ion  as i t  was for  the  mean s e c t i o n .  
( A s  no ted  e a r l i e r  ( F i g .  61, such favo rab le  forward-chord d i s t r i b u t i o n s  a l s o  
prevented  e a r l y  t u r b u l e n t  separa t i on  from the  t i p  s e c t i o n . )  Thus, non-two- 
d imensional  flow ef fec ts  i n  the  hub end-wall r e g i o n  a re  thought  t o  be respon- 
s i b l e .  A corner  s t a l l  (between s t a t o r  b lade  s u c t i o n  su r face  and hub end w a l l )  
or secondary or c ross f l ows  i n  t h e  hub end-wall r e g i o n  a r e  two p o s s i b l e  flow 
mechanisms. Therefore, a s imple redesign o f  t h e  two-dimensional b lade sec t i ons  
near the  hub i s  n o t  l i k e l y  to improve t h e i r  performance. What i s  needed 
i n s t e a d  i s  a redes ign  t h a t  min imizes or  e l i m i n a t e s  a p o s s i b l e  co rne r  s t a l l  or 
reduces c ross f l ows  i n  t h e  hub r e g i o n .  Such a redes ign  c o u l d  i n c l u d e  changes 
t o  t h e  rotor, the  i nne r -wa l l  con tour ,  or the  s t a t o r .  
When t h e  s t a t o r  b lade  number was c u t  i n  h a l f  fo r  s t a t o r  678 ( w i t h  t h e  same 
a i r - t u r n i n g  requi rements as f o r  s t a t o r  671, t h e  b lade - load ing  and c r o s s f l o w  
g r a d i e n t s  were doubled. Also, wi th  only h a l f  t h e  b lades ,  t h e r e  was t w i c e  t h e  
amount o f  lower  energy flow a long  t h e  hub w a l l  per  b lade passage. To improve 
the  hub r e g i o n  f low by  s t a t o r  redesign,  two changes a re  suggested. The f i r s t  
i s  t o  inc rease  the  number o f  b lades moderately, and t h e  second i s  to  reduce 
the  chord l eng th ,  a t  l e a s t  i n  t h e  hub r e g i o n  ( r e f .  17). 
Summary o f  s t a t o r  b lade losses .  - Loss c o e f f i c i e n t s  GW f o r  s t a t o r s  
678 and 67 a re  Dresented ( f i q .  10) as a f u n c t i o n  o f  i n l e t  a i r  anq le  0 7  and 
f o r  t h r e e  spanwise l o c a t i o n s - n e a r  t h e  t i p ,  mean, and hub. Data a t  90-: 9 5 ,  
and 100-percent ND y i e l d e d  e s s e n t i a l l y  t he  same r e s u l t s ,  and a l l  were used 
t o  draw t h e  f a i r e d  l i n e s  shown. A t  midspan, t h e  minimum l o s s  c o e f f i c i e n t  was 
approx imate ly  0.025 for  each s t a t o r  and occu r red  a t  about t h e  same 132. Near 
t h e  t i p ,  t he  minimum l o s s  for 5678 was approx imate ly  0.03, compared w i t h  approx- 
i m a t e l y  0.04 for 567. 
( 0.135 compared w i t h  0.07). S t a t o r  b lade inc idence  ang les  can be ob ta ined  
( w i t h i n  lo) b y * s u b t r a c t i n g  t h e  va lue  o f  the  b lade mean l i n e  ang le  a t  t h e  
l e a d i n g  edge BLE g i ven  on each p a r t  o f  f i g u r e  10 from the  va lue  o f  02 
on t h e  absc issa.  
Near the  hub, the minimum loss was much h i g h e r  for  S67B 
The i n l e t  a i r  ang le  range a t  low l o s s  l e v e l s  was w ider  for  t h e  lower-  
loaded s t a t o r  67. But  a narrow, low loss  range i s  n o t  b e l i e v e d  t o  be i n h e r e n t  
i n  a l l  more h i g h l y  loaded CD b lade designs. Here however, an equal low loss 
range for  a CD b lade w i t h  t w i c e  the  load ing  o f  a we l l -des igned,  modera te ly  
loaded DCA b lade i s  p robab ly  n o t  achievable.  
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F igu re  11 shows t h e  spanwise d i s t r i b u t i o n s  of l osses  for  s t a t o r s  678 and 
67 when each blade row was o p e r a t i n g  a t  i t s  minimum o v e r a l l  e f f i c i e n c y  decre- 
ment a t  90- t o  100-percent ND. 
c o e f f i c i e n t  da ta  such as t h a t  shown i n  f i g u r e  10, p l u s  va lues  from s i m i l a r  da ta  
p l o t s  for  the  30- and 70-percent spans. The d i f f e rence  i n  l o s s  l e v e l s  between 
the  two s t a t o r  designs was p r i m a r i l y  ove r  t h e  o n e - t h i r d  span neares t  t he  hub. 
There t h e  l o s s e s  d i f f e r e d  i n c r e a s i n g l y  as t h e  i n n e r  w a l l  was approached, w i t h  a 
f a c t o r  o f  2 i n d i c a t e d  near 90-percent span. As p r e v i o u s l y  i n d i c a t e d ,  t h e  d i f -  
fe rence i n  o v e r a l l  s t a t o r  e f f i c i e n c y  decrement was 0.010. 
The l i n e s  r e p r e s e n t  f a i r e d  va lues  o f  loss 
When e i t h e r  o f  the  s t a t o r s  was o p e r a t i n g  near i t s  minimum o v e r a l l  e f f i -  
c i ency  decrement ( f i g .  ll), the  s t a t o r  e x i t  a i r  angles a t  s t a t i o n  3 ( f i g .  3 )  
were near  the  design i n t e n t  o f  Oo a t  midspan for bo th  s t a t o r s .  The e x i t  a i r  
angle near e i t h e r  end w a l l  was approx imate ly  S o  h i g h e r  than des ign  (under tu rned)  
for the  CD s t a t o r  and near Oo f o r  the  DCA s t a t o r .  Thus, t h e  much h i g h e r  s o l i d -  
i t y  o f  the  DCA design p rov ided  b e t t e r  flow guidance i n  the  end-wall reg ions  
than d i d  the  present  CD des ign .  
CONCLUDING REMARKS 
The da ta  presented here p r o v i d e  a base for e v a l u a t i n g  a v a r i e t y  o f  com- 
p u t a t i o n a l  codes. They i n c l u d e  for  t h e  CD s t a t o r  t he  surface Mach number d i s -  
t r l b u t i o n s ,  i n l e t  and e x i t  c o n d i t i o n s ,  loss va lues ,  b lade  c ross -sec t i ona l  
geometries, and f low-path  dimensions. These da ta  a re  from t h e  r e a l  f low env i -  
ronment f o l l o w i n g  a rotor, and t h e y  i n c l u d e  r e s u l t s  a t  spanwise l o c a t i o n s  near 
the  t i p ,  mean, and hub. A d d i t i o n a l  i n s i g h t  for  code e v a l u a t i o n  may a l s o  be 
gained from r e c e n t l y  pub l i shed  l a s e r  anemometer da ta  f o r  t h e  midspan r e g i o n  o f  
the  same CD and DCA s t a t o r s  ( r e f s .  21 and 22) .  S i m i l a r  f l o w - f i e l d  measurements 
have a l s o  been pub l ished for  rotor 67 o p e r a t i n g  w i t h o u t  a s t a t o r  ( r e f s .  18 and 
23) .  
SUMMARY OF RESULTS 
The des ign and s teady-s ta te  aerodynamic performances o f  a fan s t a t o r  row 
f o r  a t r a n s o n i c  s ing le -s tage f a n  w i t h  c o n t r o l l e d - d i f f u s i o n  (CD) b lade s e c t i o n s  
were presented.  Comparisons were made w i t h  t h e  o r i g i n a l l y  designed double- 
c i r c u l a r - a r c  (DCA) s t a t o r  row, which had t w i c e  t h e  number of  b lades o f  equal 
chord. I n  a d d i t i o n  to  the  usual t r a v e r s e  d a t a  upstream and downstream o f  t h e  
r o t o r  and s t a t o r ,  chordwise d i s t r i b u t i o n s  o f  su r face  Mach numbers from s t a t i c  
taps on the  CD s t a t o r  a t  lo- ,  50-, and 90-percent spans were a l s o  presented.  
The f o l l o w i n g  p r i n c i p a l  r e s u l t s  were ob ta ined  f rom these da ta :  
1 .  The two-dimensional performances o f  t h e  CD and DCA s t a t o r s  were sim- 
i l a r ,  w i t h  minimum l o s s  c o e f f i c i e n t s  o f  about 0.030, except  i n  the  o n e - t h i r d  
span near the  hub. I n  t h a t  area, t h e  CD s t a t o r  losses  w e r e  much h i g h e r  because 
of increased end-wall e f f e c t s .  A t t a i n i n g  t h e  low two-dimensional loss per form- 
ance w i t h  the  CD b lade sec t i ons  under s tudy  r e q u i r e d  a s t rong ,  favorab le ,  p res-  
sure g r a d i e n t  on t h e  s u c t i o n  su r face  from the  l e a d i n g  edge t o  about  35- t o  
40-percent chord. 
1 percentage p o i n t  g r e a t e r  minimum o v e r a l l  e f f i c i e n c y  decrement than the  DCA 
2.  Because o f  h ighe r  hub r e g i o n  l osses ,  t h e  CD s t a t o r  had approx imate ly  a 
10 
s t a t o r  a t  speeds from 90 to  100 percent  o f  des ign .  
hub r e g i o n  losses .  
Th is  was caused by h i g h e r  
Stage s t a l l  flows were unchanged by  s t a t o r  des ign.  
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TABLE I .  - METAL COORDINATES FOR STATOR 678 AT lo-, 50-, AN0 
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FIGURE 1. - DESIGN AND ANALYSIS SYSTEM. 
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